Abstract-An ultra-high-speed micro machining process is a micro-machining technique, which is used to minimize the surface roughness and change the precision morphology of the difficult-to-machined materials. Surface integrity is a very important process, which is used to evaluate the highly stress and the loaded components. It is important to evaluate the plastically deformed layers in the precision machined surface process. However, the typical plastic strains in the precision machined surface are significantly difficult to measure. In this paper, the ultra-high-speed micro machining equipment and the critical magnetic abrasive tool were applied in magnetic abrasive machining process. SUS 304 bars which are widely used in many applications were used as the cylindrical workpiece. The aim of this research is to explore a new technique for measuring the plastic strain in magnetic abrasive machining process and for investigating the effects of ultra-high-speed micro machined surface on the plastic strains and strain energy and to determine the residual strain in plastically deformed materials by analyzing the plastically deformed layer. The results concluded that the best improvements in the precision dimensional accuracy and precision surface accuracy were achieved at the ultra-high-speed of 80000 min -1 and the ultra-high-speed machining was not caused the impact of plastically deformed.
I. INTRODUCTION
There are many techniques are widely used to improve the surface quality of material. Cutting, grinding, finishing, horning, machining, and cold-drawn techniques have been employed to improve the precision machining of material. However, such mechanical techniques have certain limitations regarding micro-diameter, surface accuracy, dimensional accuracy and processing time. In previous year, some new ultra-precision machining technologies have been developed to improve the accuracy of materials and the magnetic abrasive finishing is proved to be a good precision process [1] - [8] . However, the magnetic abrasive finishing process can only use to improve the simple surface roughness of materials. In this study, the precision machining process is developed with the aim to improve the accuracy of material, such as surface accuracy, dimensional accuracy, and weight The authors are with the Mechanical Design Engineering Department, Chonbuk National University, 664-14, Duckjin-gu, Jeonju, South Korea, 561-756 (e-mail: wangruiaa@hotmail.com, henglida1@gmail.com, msd@jbnu.ac.kr).
of material, simultaneously. In magnetic abrasive machining technique, the machining process efficiency can be improved by increasing the workpiece revolution speed [9] . The SUS 304 bars, which are widely used in medical devices, nuclear industries and medical enterprise, were used as the cylindrical workpiece. To ensure a great reliability of sensitive components, the surface integrity of SUS 304 alloys should be satisfied. In this study, a difficult-to-machined SUS 304 bar which had been ground by a centerless grinder was machined further using a magnetic abrasive machining process, the feasibility of the concept was demonstrated at a workpiece revolution rate of 80000 min -1 . Ultra-high-speed micro processing is well known due to its short machining time and the high machining capability. The plastically deformed layer in a machined surface affects the mechanical properties of machine components, such as fatigue strength, dimensional instability, and stress corrosion cracking. Therefore these properties are called surface integrity. After the ultra-high-speed processing, taking into consideration of those plastically deformed layer affects the machined precision surface, must be considered in precision machining [10] . The analysis of the machined precision surface, including the plastic deformation and strain distribution is carried out and then the micro-diameter change, surface roughness and weight change were analyzed.
II. EXPERIMENTAL METHOD

A. Ultra-High-Speed Magnetic Abrasive Machining (MAM) for SUS 304 Bar
An ultra-high-speed magnetic abrasive machining process shown in Fig. 1 is composed of an ultra-high-speed spindle, cylindrical workpiece, SS41 steel york, several permanent magnets, and magnetic poles. The SUS 304 bar is mounted by the collet chuck of the ultra-high-speed spindle. The machining part is consists of the magnetic pole, permanent magnets, and unbonded magnetic abrasive tools [11] . The unbonded magnetic abrasive tools are supplied between the N-pole and the S-pole and a SUS 304 cylindrical workpiece is inserted inside the magnetic brush and then rotated at an ultra-high-speed. It is possible to apply vibrational action in the linear action direction. Here, have a distance between the workpiece and the magnetic pole, where the magnetic force can be exerted. In addition, a york part is added to induce continuous flow of the magnetic field at the same time. Fig. 2 shows a photograph of an ultra-high-speed magnetic abrasive machining equipment, which consists of an ultra-high speed spindle, SS41 steel york, cylindrical workpiece, magnet, and electromotive slider. Austenitic stainless steel bars (304 stainless steel, Ф30×50 mm; 0.32 ㎛ Ra initial surface roughness) were prepared as cylindrical workpieces for this study. The workpiece was mounted on the ultra-high-speed spindle (speed range: 1000 -80000 mm-1), and magnetic abrasive of unbonded type were insert into the machined area. The workpiece was rotated at an ultra-high-speed and was subject to vibrational motion by placing the magnetic poles close to the workpiece by using an electromotive liner slider control. In this experimental work, the strain measurement is measured by using the recrystallization phenomena method in metals, and then applied to the ultra-high-speed micro machined surface plastic zone. The subsequent recrystallizations method for strain measurement is localized deformed zone, and has been used to measure the surface of plastic strain before and after machining. Fig. 3 shows the machined surface area of the workpiece. In order to avoid the plastic deformation near the surface, the machined surface area of workpiece was cut off by an electric discharge wire cutting machine. The cutting workpiece was used for anneal (recrystallization temperature 950 ℃ for 24 h) to observe the plastic zone, mechanically polished and then etched in a chemical etchant (C 2 H 5 OH: HCL: HNO 3 = 100: 15: 30) to observe the recrystallized zone.
B. Surface Integrity for Machining Surface of SUS 304 Bar
The fatigue cracks usually nucleate on the surface, so the condition of the surface plays a major role in the fatigue resistance of a component. Therefore, the fatigue strength is often varied greatly depending on the surface condition of the material. The fatigue failure of material is started from the deteriorated surface roughness of material. Thus, the ultra-high precision magnetic abrasive machining process is required for improving surface roughness of material and tensile strength. Fig. 4 shows the effects of the surface finish on fatigue endurance limit. In previous study, many researchers have studied the surface finish effects on fatigue endurance limit [12] . It was confirmed that the polishing process is the most processing method to enhance the fatigue limit of the materials, but only emphasized the traditional mirror polishing processing. In this study, the ultra-high-speed magnetic abrasive machining processing was applied for machining surface of material and to study the effects of this method on the improvement on the surface roughness and the tensile strength of material with the short processing time and then assesses the machining capabilities for application to improve the life of materials. Table I show the experimental conditions used in ultra-high-speed micro machining process. Table II shows the material characteristics of 304 stainless steel bar. Fig. 5 shows the largely linear relationship between the change of diameter and material removal against the machining time. The workpiece was rotated at 80000 min -1 . Magnetic poles were vibrated at 10 Hz. In the case of change of diameter, it was shown that the ultra-high precision magnetic abrasive machining process can remove 5-μm from diameter of workpiece with every 20 seconds, which the current processing methods are impossible. The slop of material removal shows the constant removal pattern due to the usage of same grain size of iron particle and diamond particle. Fig . 6 shows the relationship between the surface roughness (arithmetical average roughness, Ra) and the machining time. The workpiece was rotated at 80000 min -1 . Magnetic poles were vibrated at 10 Hz. The surface roughness was rapidly improved from the initial machining time at 0 sec to the machining time at 20 seconds. The initial surface roughness Ra was improved from 0.32 ㎛ to 0.04 ㎛ for 20 sec. After 40 sec, the initial surface roughness was improved to 0.03 ㎛. It can be confirmed that, for improving the value surface roughness (Ra) of workpiece, the ultra-high-speed machining processing is required 40 seconds to achieve the most perfect state of surface roughness. Fig. 7 shows the AFM images of the surface roughness before and after machining with ultra-high-speed magnetic abrasive machining at 80000 min -1 . As shown in Fig. 7 (a) that before machining, many scratches and deep grooves could be seen everywhere throughout the surface of the material. Fig. 7(b) shows the AFM image of a workpiece after machining with a Ra value of 0.03 ㎛ at 80000 min -1 for 40 seconds. As shown in the Fig. 7(b) that the scratches and deep grooves were completely removed from the machined surface. Fig. 8 shows the annealed microstructure on the cutting surface of the workpiece after machining by the ultra-high-speed precision machining process. In the process, the plastically deformed zones at the machining tip increases with machining depth. The recrystallized grain size in the primary deformation zone after anneal is smaller than the surrounding region. This indicates that the primary deformation zone is deformed. The micrographs is shown in Fig. 9(b) , the strain distribution around the machining surface cannot be drawn before machining. As show in Fig. 9 (a) and 9(b) before and after machining, the isotropic shape of microstructure is not changed. It indicates that the ultra-high-speed machining process is not effects on the plastically deformed. The surface modification factor can be expressed by Eq. (1) b Ks = aS u (1) where Ks is the surface modification factor, S u is the ultimate tensile strength, and (a, b) are constants. The value of Ks can be calculated by using the value of (a, b). The value of a, and b before machining are given as 515 MPa and 0.3, respectively (as shown in Fig. 4) . The surface modification factor has an increase as the increasing of tensile strength or International Journal of Materials, Mechanics and Manufacturing, Vol. 6, No. 2, April 2018 hardness. When the surface roughness improved from 0.32μm to 0.03 μm, the fatigue limit value increases and the material life also improve. 
III. EXPERIMENTAL CONDITIONS
V. CONCLUSION
The results of this research can be summarized as follows: 1) An 80000 min -1 of ultra-high-speed micro machining process was achieved for difficult-to-machined materials SUS 304.
2) The best improvements in the precision dimensional accuracy and precision surface accuracy were achieved at the ultra-high-speed of 80000 min -1 . In the case of change of diameter, the ultra-high precision magnetic abrasive machining process can remove 5-μm from the diameter of workpiece with every 20 seconds. In the case of material removal, the slope showed the constant removal pattern due to the usage of same grain size of iron particle and diamond particle. In the case of surface roughness, it requires 40 sec to improve the surface roughness from 0.32 μm to 0.03 μm 3) The recrystallization technique was applied for measurement of the plastic strain of machined surface. It confirmed that the ultra-high-speed machining was not caused the impact of plastically deformed. 4) The ultra-high-speed magnetic abrasive machining is a processing method which can greatly enhance the fatigue limit of the materials and material life. 
